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Abstract 



The transport properties between ferromagnets and high- Tc superconduc- 
tors were investigated in Lao.67Sro.33Mn03/YBa2Cu307_5 (LSMO/YBCO) 
junctions in the geometry of cross-strip hnes. The conductance spectra show 
zero-bias conductance peaks (ZBCP), reflecting the charge transport in the 
a6-plane. When an external magnetic field is applied to the junctions, the con- 
ductance spectra show two notable features, i.e., an increase of background 
conductance and an asymmetric ZBCP splitting whose amplitude responds 
nonlinearly to the applied field. It is shown that the magnetic field response 
are consistent with a theoretical prediction of tunneling spectroscopy when 
the presence of a ferromagnetic barrier between a spin-polarized ferromagnet 
and a d-wave superconductor is assumed. 
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I. INTRODUCTION 



Hybrid structures between ferromagnets and superconductors have been the focus of 
much attention in terms of spin-dependent spectroscopy and spin-injection devices. The 
fundamental properties of ferromagnet /insulator /superconductor (F/I/S) junctions fabri- 
cated from conventional metal superconductors have been studied for about 30 yearsEI. The 
recent rediscovery of perovskite manganites which exhibit colossal magnetoresistance (CMR) 
has aroused a new possibility in this field, because the layered structure fabrication of fer- 
romagnets and high-Tc superconductors is possible using these oxide compounds!^. There 
are two main intriguing aspects in this field. One is the influence of the carrier injection on 
bulk superconducting properties, such as the suppression of the critical current density and 
the critical temperature due to the nonequilibrium statesili. The injection of spin-polarized 
quasiparticles is expected to enhance the nonequiliburium because the spin-relaxation time 
is estimated to be much longer than the quasiparticle-recombination time in light metals0. 
It has been experimentally verified that suppression of the critical current in high-T^ super- 
conductors is induced due to a spiiw)olarized quasiparticle injection from ferromagnets of 
CMR compoundsiHB or pure metalsO. The other aspect is the boundary properties, such as 
the connection of wave functions, the Andreev refiectionlliS. and bound states formation at 
the surface for p-wave0'El and for d-wave superconductorsEH^^. Moreover, several theories 
have elucidated the transport properties under the influence of an exchange field for s-wave 
superconductors^ and for d-wave superconductors^Hnl. However, detailed comparisons be- 
tween theory and experiment have not yet been accomplished. 

In this paper, we study the transport properties and magnetic field response of 
Lao.67Sro,33Mn03/YBa2Cu307_5 (LSMO/YBCO) cross-strip type junctions. We discuss the 
properties of the interface between ferromagnets and high-T^ superconductors, which is im- 
portant even for the injection device because the spin injection utilizes transport through 
surfaces. In the case of d-wave superconductors, the formation of surface bound states is 
known to modify the transport propertyli3ll3. When the orientation of the junction is along 
the a6-plane and the misorientation of the a-axis to the boundary is finite, zero-energy bound 
states are formed at the boundary^. The presence of the zero-energy states at the bound- 
ary of high-Tc superconductors has been detected as zero-bias conductance peaks (ZBCPs) 
in a wide variety of tunneling junctions00&B. The modification of this property in 
LSMO/YBCO junctions is an interesting problem, where quasiparticles in the normal side 
are strongly spin polarized. This is because the transport properties of the junctions are 
expected to be sensitive to an applied magnetic field and to the interface properties. 



II. EXPERIMENTAL 



Because of their simple geometry, cross-strip junctions are used for measurements. Figure 
|l] shows schematic illustrations of the top view and the cross-sectional view of the junctions. 
C-axis oriented epitaxial YBCO thin films of 100 to 150 nm thickness were deposited on 
SrTi03 (100) substrates by pulsed laser deposition (PLD). The films were patterned into 
bridges 30-60 /im wide and 30-100 fim long by conventional photolithography and wet 
chemical etching employing phosphoric acid. Next, 100-nm-thick LSMO films were deposited 
on the patterned YBCO films, also by PLD. After the deposition, the films were subsequently 
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annealed at 400 °C in an oxygen atmosphere for 1-2 hours. The LSMO/YBCO layered films 
were patterned into cross-strip structures by Ar ion milling. The substrate temperature was 
750 °C for the deposition of YBCO, and 700 °C for LSMO. The laser energy density was 
1.5 J/cm^ for YBCO, and 2 J/cm^ for LSMO. The laser repetition frequency was 2 Hz and 
the oxygen pressure was 700 mTorr for both materials. Au film contact pads, annealed at 
400 °C in an oxygen atmosphere to reduce the contact resistance, were used as electrodes. 

LSMO films on the c-axis-oriented YBCO films were confirmed to be c-axis oriented 
by X-ray diffraction measurement. Temperature dependence of resistance showed that the 
superconducting transition temperature of YBCO was about 90 K, and the magnetization 
measurement showed that the ferromagnetic transition temperature of LSMO was about 350 
K. 

The I-V characteristics of the junctions were measured using a dc four-probe method 
and the conductance spectra {i.e., dl/dV-V curves) were numerically calculated from the 
I-V data. The magnetic fields of 0-12 T generated by a superconducting magnet were 
applied along the direction parallel to the film surface and perpendicular to the trajectories 
of tunneling electrons. 

III. RESULTS AND DISCUSSION 

In the following, experimental results of conductance spectra and their magnetic field 
response in the LSMO/YBCO junctions are presented. Since most of our samples exhibited 
similar features, we concentrate on the data obtained from the sample with the junction 
area of 30 x 30 yum^. We will demonstrate two features peculiar to the LSMO/YBCO junc- 
tions: the tunneling electron is actually spin-polarized, and the barrier naturally formed be- 
tween YBCO and LSMO behaves as a ferromagnetic insulator, leading to the spin-filtering 
effect. The conductance spectra are analyzed based on a theoretical formula for ferromag- 
net /ferromagnetic insulator /c?- wave superconductor (F/FI/d) junctions and the notation 
used in the analysis mostly follows that used in Ref.o. A cylindrical Fermi surface is as- 
sumed with the Fermi energy Eps of 0.3 eV in YBCO, and the effective masses are set to 
be equal in YBCO and LSMO. For the model of ferromagnet, the Stoner model is adopted. 
The polarization P and the Fermi- wave vector of quasiparticles for up [down] -spins kN,m] in 
LSMO are not independent parameters in the framework of the Stoner modeS The nor- 
malized barrier heights for up[down]-spin V^n] in a ferromagnetic insulator are used as the 
fitting parameters in the following analysis. We note that the formula used in the present 
study has some drawbacks in the analysis of an actual junction. One is that the delta func- 
tion form V|[|]5(a:) at the interface x = is applied although a barrier in an actual junction 
has finite thickness. Moreover, the spin-flip effect at the interface and the nonequilibrium 
properties of YBCO are neglected. 

Figure |^ shows the temperature dependence of conductance spectra of the junction. As 
the temperature is lowered from room temperature, no noticeable changes are detected above 
70 K. At temperatures below 40 K, a gap-hke structure (suppression of conductance) appears 
at an energy level between ±15 mV(= A). The presence of the ZBCP becomes clear as the 
temperature is further decreased. At the lowest temperature (4.2 K), a large peak appears 
at zero-bias level. The presence of the gap-like structure and ZBCP indicates that a barrier 
exists between the LSMO and YBCO layers. In this study, however, we did not deposit 
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any material as a barrier between the LSMO and YBCO layers. It has been reported that 
normal metal/YBCO junctions in which no insulating material had been deposited between 
the normal metal and YBCO layers exhibited similar differential conductance spectraH-S. 
Thus, the barrier layer is expected to form naturally at the interface between YBCO and 
other materials. However, the composition and structure of the barrier in our junctions 
are not clarified at present, because the barrier is too thin for these characteristics to be 
investigated. Moreover, as mentioned in the introduction, the existence of the ZBCPs is 
well explained in the tunneling theory for anisotropic superconductors by assuming that 
the tunneling current is governed by in-plane (a6-plane) componentsEl'0. In the cross-strip 
geometry, the in-plane contact between YBCO and LSMO existed at the side of YBCO 
film, and it also existed on the c-axis oriented surface because atomic force microscope 
measurement showed that it contains a large amount of a6-edges due to the island growth. 
Therefore, the above assumption is reasonable because the conductivity in the a6-plane is 
far larger than that for the c-axis direction in the cases of high-T^ superconductors. The 
observed ZBCP is qualitatively consistent with those found in other reports on normal 
metal/YBCO tunneling junctionflli&S. 

On the other hand, the most significant difference between the present case and those in 
the other reports is that the counter electrode is not a normal metal but a ferromagnet, and 
as a result the tunneling electrons are expected to be spin-polarized. It has been theoretically 
shown that the polarization can be estimated from the height of the ZBCP, since the ZBCP 
is largely suppressed by the spin-polarization@'@. This effect corresponds to the fact that 
the Andreev reflected quasiparticle exists not as a propagating wave but as an evanescent 
wave, referred to as the virtual Andreev reflection process, when the injection angle 9 of 
quasiparticles to the interface satisfies smr^{kslkM^^) < 6 < sin~^(fc7v,i/^Af,T)' where ks 
is the Fermi-wave vector in superconductors. Hence, the current through surface bound 
states is prohibited when the energy of the quasiparticle is less than the gap amplitude. 
Figure ^ shows calculated normalized conductance spectra a{eV) for various polarizations. 
{a{eV) = as{eV)/aN{eV), where as{eV) and aN{eV) are the tunneling conductance in 
superconducting and normal states, respectively.) It is clear that the height of the ZBCP 
is largely suppressed when the polarization becomes larger. From this relationship, it is 
estimated that the polarization of the present experiments is much less than 90%. 

Next, we discuss the effect of the applied magnetic field. Figure || shows the conductance 
spectra measured in various applied fields at 4.2 K. As the magnetic field becomes larger, an 
enhancement of the background conductance is always observed. A similar feature has been 
reported by Vas'ko et al. in a DyBa2Cu307/Tja9rtBai/3Mn03 junction!, but has not been 



observed in normal metal/YBCO junction3l3c3E3Ei]. The origin of the change of background 
conductance will be discussed later. All conductance spectra almost collapse onto a single 
curve except for a small change inside the gap {\eV\ <| A |) when they are normalized by 
the conductance aXV = 20mV, as shown in the inset of Fig. ^. On the other hand, a small 
field response can be seen around zero-bias level. Figure |^ shows the variation of normalized 
conductance a\eV,H) near zero-bias level due to the applied field. To clearly show the 
features, the normalized conductance spectra are plotted with the zero field conductance 
subtracted [a\eV,H) — (T'''(eV,0)] for several applied fields. Two notable features have 
been observed. One is the development of a dip at zero bias, indicating that the ZBCP 
splits into two peaks. The ZBCP splitting has been observed in normal metal/high-Tc 
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superconductor junctionlSili. The other is that the asymmetric heights of the two 
shoulders are seen beside the dip. This asymmetry may not be induced by the asymmetric 
background conductance, because symmetric peak sphtting has been observed in normal 
metal/high- Tc superconductor junctions which exhibit asymmetric backgroundsi^'0. Several 
possible origins of the ZBCP splitting have been proposed for rf-wave superconductors; i) 
the Zeeman splitting of ±gfiBH/2 in the energy levels between up and down spins, where g 
is the (yf-factor and /is is the Bohr magneton, ii) the inducement of the broken time- reversal 
symmetry (BTRS) states such as dj^_y2 + is waveiSii, iii) the spin-filtering effect due to 
the ferromagnetic tunneling barriernJ. In the following, we will show that the spin-filtering 
effect is the most plausible origin of the observed magnetic field response. 

The inset of Fig. |^ shows the amplitude of the peak splitting 5p estimated from the peak- 
to-peak of the two shoulders as a function of applied magnetic field. Completely different 
from usual Zeeman splitting of which the response is linear to the applied field {q^bH /2), 
6p shows nonlinear behavior with respect to the applied field: a rapid rise near the zero field 
{H < 0.5T), and almost linear behavior in the high field {H > 5T). Moreover, the observed 
6p is much larger than gfisH independent of H. It is important to note that this behavior 
is similar to M-H curves of a conventional paramagnet and is also consistent with peak 
splitting due to the spin-filtering effect which has been observed in Al/EuO/ and Al/EuS/ 
junctionSH. Based on this fact, we can reject the possibility of simple Zeeman splitting. 
Moreover, although the inducement of BTRS can also explain the nonlinear splitting, the 
asymmetry in the peak splitting observed in our result cannot be explained by this theory 
as described in Ref.@. This is based on the fact that the splitting due to the BTRS is not 
a spin-dependent effect. 

If we assume that the barrier naturally forms between YBCO and LSMO and that 
it attains ferromagnetic insulator nature similar to that of EuO and EuS barrierJ^^il, the 
observed field response can be consistently explained in terms of the spin-filteringeffect. The 
strength of the exchange interaction in the barrier (represented by in Ref.cJ) responds 
to the applied field in a similar way to paramagnetic material^. In the applied magnetic 
field, the effective barrier height changes between up and down spin components due to the 
finite Ubj then the tunneling electron begins to exhibit spin-dependent energy splitting^. 
Figure |^ simulates a theoretical calculation of magnetic field response of o"(eV, H) — a{eV, 0) 
with P=30%. As H becomes larger, the shoulders develop. Moreover, the spin-polarization 
induces the different peak splitting heights. These features coincide with experimental data. 

The idea that the spin-filtering effect is the origin of ZBCP splitting is also supported by 
the magnetic field response of the background conductance. As described above, the back- 
ground conductance increases as the magnetic field is increased. Although LSMO exhibits 
CMR at around the ferromagnetic transition temperature (~350 K), the magnetoresistance 
of the LSMO film at 4.2 K was less than 1% in the measured magnetic field range. There- 
fore, the increase of conductance with magnetic field originates in the transport property 
of the junction rather than the change in the resistivity of LSMO. In the framework of the 
spin-filtering effect, the magnetic field response of background conductance is understood as 
the field dependence of V^t[i]- i) absence of the field, V| = Vi applies, ii) as the mag- 

netic field is increased, V| decreases and Vi increases, iii) since the tunneling barrier height 
for majority carrier (up-spin) decreases, the total conductance of the junction is rapidly 
enhanced. Figure |^ shows the simulated results for background conductance as a function 
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of (V| - V^)/{V^ + Vi) for P=0%, 30%, and 60% cases. It is clear that as the difference 
in and increases, the background conductance also increases. The influence of the 
polarization is clear especially near the zero field. Without the polarization, da{eV)/dH is 
zero near H = 0. This is because the effect of imbalance in tunneling probabilities in up- 
and down-spins is cancelled out without the polarization, while the cancellation becomes 
smaller as the polarization increases. 

We have shown that the observed conductance spectra and their magnetic field response 
in LSMO/YBCO junctions can be consistently understood in terms of the spin-filtering 
effect in d-wave superconductors. Two possibilities are deduced from the present results. 
One is that a degraded layer existing between LSMO and YBCO functions as an intrinsic 
barrier and behaves as a ferromagnetic insulator. The other is that a new type of magnetic 
boundary (surface) effect, such as Shottokey barrier of spins, exists at the interface or on the 
surface due to the termination of the CuO or the MnO planes. However, several questions 
still remain: i) what kind of material exhibits the ferromagnetic insulator behavior at the 
YBCO/LSMO interface, and iiL^can the peak splitting observed in normal metal/high-Tc 
superconductor junctionJliiS be attributed to the spin- filtering effect. To clarify these 
problems, a more detailed characterization of the interface layer will be accomplished in the 
near future. In addition, the origin of linear background conductance has not been discussed 
here. As is well known, this feature has been widely observed in high-Tc superconductor 
junctionJ^i^. Based on the above mentioned feature that the normalized conductance 
curves collapse onto a single curve, we assume that the origin of the linear background 
conductance is an effect independent of the boundary properties discussed above. Kirtley 
and Scalapino attributed the origin of the energy dependent conductance to an increment of 
tunneling probability due to an inelastic tunneling process via spin fiuctuatiorS. Although 
we believe that the present results do not contradict this theory, further study is required 
to clarify this point. 



IV. SUMMARY 



We observed the magnetic field responses of the conductance spectra peculiar to 
LSMO/YBCO junctions, such as an increase of background conductance and asymmetric 
ZBCP splitting, which have not been observed in normal metal/YBCO junctions. More- 
over, the nonlinear response of 6p to an applied field is different from the simple Zeeman 
splitting. Although the inducement of BTRS can explain the nonlinear ZBCP splitting to 
applied field, this explanation is not suitable because the asymmetry of the splitting cannot 
be explained. On the other hand, it is shown that the observed features in the present 
study agree with the theory of tunneling spectroscopy for F/FI/d junctions which assumes 
a spin dependent transmission (tunneling) probability between a ferromagnet and a super- 
conductor. This suggests that the ferromagnetic barrier naturally forms between LSMO and 
YBCO, and that the field response of the conductance spectra is due to the spin polarization 
of tunneling carriers and the spin- filtering effect. From the present results, we deduce two 
possibilities of a ferromagnetic barrier. One is that a degraded layer existing between LSMO 
and YBCO functions as an intrinsic barrier and behaves as a ferromagnetic insulator. The 
other is that a new type of magnetic boundary (surface) effect, such as Shottokey barrier 
of spins, exists at the interface or on the surface due to the termination of the CuO or the 
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MnO planes. 
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FIGURES 



FIG. 1. Schematic of LSMO/YBCO cross-strip type junction used for measurements. 

FIG. 2. Temperature dependence of conductance spectra of LSMO/YBCO junction. ZBCP is 
clearly observed below 20 K. 

FIG. 3. Theoretical calculation of conductance spectra a for F/FI/d junctions in the absence 
of an applied magnetic field as a function of polarization P. In order to compare theory with ex- 
periments, the smearing effect by energy of 0.3A is introduced in the calculation and V|, = V| = 3.5 
is assumed. As P becomes larger, ZBCP is suppressed. 

FIG. 4. Conductance spectra at 4.2 K as a function of applied magnetic field from to 12 T. 
Background conductance increases as magnetic field increases. Inset shows normalized conductance 
spectra a'^ . Each conductance spectrum is normalized by its conductance at F = 20mV. All the 
conductance spectra outside the gap almost collapse onto a universal curve and a small magnetic 
field response is observed around ZBCP. 

FIG. 5. Magnetic field dependence of the normalized conductance spectra around ZBCP. The 
zero-field conductance has been subtracted. Inset shows the peak splitting amplitude 5p estimated 
from the peak-to-peak of two conductance shoulders. Solid line represents the Zeeman splitting 
energy of q^ibH, where g=2. 

FIG. 6. Simulation of magnetic field dependence of cr(eF, H) — a{eV, 0) for P=30%. The H 
dependence of Ub is selected to reproduce the experimental results. Inset shows the case of P=0%. 
Asymmetric peak splitting is induced by finite polarization in the ferromagnets. 

FIG. 7. Simulation of background conductance as a function of {Vi — Ft)/(Ft + Vj.) for various 
P (0, 30, 60 %) values. The increment of (V^ — Ft)/(^T + ^i) corresponds to enhancement of the 
exchange interaction in the barrier (represented by Ub/Vq in Ref. 24). It is clear that the exchange 
interaction monotonically enhances the background conductance. The response to the magnetic 
field near the origin becomes larger as the polarization become larger. 
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